We calculate the particle ratios
I. Introduction
Since the discovery of asymptotic freedom [1] in case of non-abelian gauge field theories, it was postulated that a phase transition from nuclear state of matter to quark matter is possible. It was further argued that this phase transition can take place at sufficiently high temperature and /or densities and can result in the transformations of hadrons into a new state of matter dubbed as quarkgluon plasma (QGP). Since then a considerable effort has been put forward to create and understand the properties of this new state of matter (QGP) and the corresponding phase transition. In order to study the dynamics of any phase transition in general a complete description of a given state of matter on the basis of some underlying theory is required. To understand the dynamics of quark-hadron phase transition the equation of state for both QGP phase and the hadronic phase is required. The QGP phase so far has been fairly described using Lattice Gauge theory, in case of vanishing or low baryon chemical potential. However the description of strongly interacting hadronic phase in terms of fundamental theory of strong interactions has proved to be far from trivial. This is primarily due to strong coupling among hadrons due to which the conventional methods of quantum field theory for example perturbative analysis does not remain valid for the description of such strongly interacting hadronic phase. Therefore one has to rely on alternate methods to describe the properties of hadronic phase for example hadron resonance gas models, chiral models, quasi-particle models etc.
However one can use another approach to determine the dynamics of strongly interacting hadronic phase and consequently of quark-hadron phase transition. By studying the spectra of hadrons one can in principle comment on some of the properties of the strongly interacting hadronic matter. For example by studyingp/p ratio it has been argued that transparency effects in case of High energy Heavy-Ion collisions may become operative [2] . Recently It has been found that particle ratios of some of the hadrons for example K + /π + , K − /π − and Λ/π − show a sudden rise for a specified range of center of mass energy √ S N N in case of Heavy-Ion collisions [3] . Taking into account the dependence of baryon chemical potential µ B and temperature T on the variable √ S N N one can infer that the behaviour of these particle ratios may be sensitive to the critical region of quark-hadron phase transition. In this article we therefore evaluate the particle ratios K + /π + , K − /π − and Λ/π − for a strongly interacting hadronic matter and analyse their behaviour near first order quark-hadron phase transition. For hadronic phase we use non-linear Walecka model within relativistic mean-field (RMF) approximation.
RMF theory has been widely and successfully used to describe the properties of the nuclear matter and finite nuclei. Further RMF theory has been also used to describe the equation of state for strongly interacting dense hadronic matter for the application in supernova and neutron stars [4, 5, 6, 7, 9, 8, 10, 11, 12] . In RMF theory hadrons interact via the exchange of scalar and vector mesons and the interaction strength or coupling among hadrons is determined by different methods. For example the nucleon-meson coupling constants are determined by reproducing the ground state properties of the finite nuclei or by using nuclear matter properties that is discussed in Section-II. To describe the quark-gluon plasma (QGP) phase we use a Bag model equation of state.
II. Model

A. Hadronic Phase: Baryons
The equation of state for asymmetric baryonic matter is presented in this section. To describe baryonic matter we use relativistic non-linear Walecka model (NLWM). In this model the interaction between baryons is governed by the exchange of various mesons. We include in this model following
along with their anti-particles. The interaction between baryons is carried by the exchange of neutral σ, isoscalar-vector ω, isovector-vector ρ and two additional hidden strangeness mesons σ * and φ. In this model the Lagrangian density for baryons reads
where effective baryon energy is E * α = k 2 α + M * α 2 1/2 and effective baryon chemical potential is
. Also parameter β is β = 1/T , where T is the temperature.
B. Hadronic Phase: Bosons (pions + Kaons)
To incorporate bosons (pions + Kaons) in our model we use an approach similar to the one used to model baryonic phase that is we use a meson exchange type of Lagrangian for bosons as well. The
Lagrangian density in a minimal-coupling scheme is [13, 14] 
where Φ b is the bosonic field with summation carried over bosons b. Here covariant derivative is
with the four vector X µ defined as
and m characterise the strength of interaction between exchange mesons i = σ, ω, ρ, φ, σ * and bosons (pions + kaons). Here τ b is the isospin operator with its third component defined as
It has to be mentioned that one can use even chiral perturbation theory [15] to describe bosons in the hadronic matter. In an earlier work [16] kaons were incorporated using chiral perturbation theory whereas baryons were incorporated using Walecka model. However in [17] it was put forward that this approach of modelling baryonic phase with Walecka model and bosonic phase with Chiral Lagrangian has some inconsistency that may influence the final results. In our approach baryons and bosons are incorporated using similar methodology that is using meson-exchange type Lagrangian and therefore this approach is expected to be more consistent. In RMF approximation, the thermodynamic potential for Lagrangian density (3) can be written as
where 
C. Hadronic Phase: Field Equations
The thermodynamic potential per unit volume for hadronic medium (Ω/V ) H can be therefore written as
where (Ω/V ) Bary and (Ω/V ) Bosons are as defined in (2) and (7) respectively.
The different thermodynamic observables of the hadronic system for example entropy, pressure, number density can be evaluated as follows
provided the expectation values of the exchange-mesons field variables (σ 0 , σ * 0 , ω 0 , ρ 0 , φ 0 ) are known.
To evaluate the expectation value of exchange-meson field variables one can solve following set of coupled equations of motion for different field variables that are obtained after minimising the action
where distribution functions for baryons F are given by
and net-baryon density is
Similarly the distribution function of bosons F (+) b
and their anti-particles
where
Also the boson density is
D. Hadronic Phase: The Coupling Constants
To fix baryon-meson coupling constants we use two very successful parameter sets of RMF model namely parameter set TM1 and NL3. These parameter set are listed in Table- I. These parameters have been obtained by evaluating the ground state properties of finite nuclei [18, 19] . For meson-hyperon coupling constants we use quark model values of vector couplings. These are given by
The potential depth for hyperons in baryonic matter is fixed as follows. Representing the potential depth of hyperon h in baryonic matter B as U = −18 MeV to determine the value of scalar coupling constants g σΛ , g σΣ and g σΞ respectively [20, 21, 22] . The hyperon couplings with strange mesons are restricted by the relation U
Λ obtained in [23] . For the hyperon-hyperon interactions we use the square well potential with depth U (Λ) Λ = −20 MeV [24] . In Table- II we list the values of the coupling constants determined from these hyperon potentials. Next in Table-III and Table- IV we give kaon-meson and pion-meson coupling constants that are used in our calculation.
Regarding antibaryon-meson couplings [25] there is no reliable information particularly for high density matter. Therefore we will use in our work the values of the antibaryon-meson couplings that are derived using G-parity transformation. The G-parity transformation is analogous to ordinary parity transformation in configurational space which inverts the direction of three vectors. The Gparity transformation is defined as the combination of charge conjugation and rotation. The π degree of rotation is done around the second axis of isospin space.
It is already known that exchange mesons σ and ρ have positive G-parity and ω and φ have negative G-parity. Therefore by applying G-parity transformation to nucleon potentials one can obtain the corresponding potential for anti-nucleons. The result of G-parity transformation can be written as
where α andᾱ denote baryons and antibaryon's respectively. It is worthwhile to mention here that kaon-meson couplings can be fixed for two different kaonic potentials namely strongly attractive potential UK[S] and weakly attractive potential UK [W] . These are given in Table- III. Finally the pionmeson couplings are given in Table- IV. Since the pion is non-strange particle therefore its coupling with strange mesons σ * and φ is essentailly zero.
III. Results and Discussions
In this article our main aim is to evaluate the properties of strongly interacting hadronic matter at finite temperature. Therefore we make an attempt to analyse the properties of particle ratios Table-I and Table- II. For kaon-meson coupling constants we use parameter sets TM2 and GL85 that correspond to strongly attractive and weakly attractive kaonic potentials respectively and are listed in Table-III. The pion-meson coupling constants are listed in Table- IV. In the following analysis we will impose the strangeness conservation criteria S −S = 0, where S andS are total strangeness and anti-strangeness of the system under consideration.
In Fig.(1) In Fig.(2) we plot the variation of K + /π + with baryon chemical potential µ B at fixed value of temperature T = 50MeV and T = 70MeV. At lower tempearture K + /π + ratio for NL3 parameter set is same as that for HRG model. While as for TM1 parameter set K + /π + ratio is less as compared to that of HRG model. However at higher temperature the particle raio K + /π + for both parameter sets that is TM1 and NL3 is less as compared to HRG model.
In Fig.(3) we next plot the variation of particle ratio Λ/π In Fig.(4) we next plot the variation of particle ratio Λ/π − with baryon chemical potential at fixed values of temperature T = 50MeV and T = 70MeV. At lower temperature that is T = 50MeV the particle ratio Λ/π − behaves differently under parameter sets TM1 and NL3. However at large temperature that is T = 70MeV the particle ratio Λ/π − for parameter sets TM1 and NL3 coincide with non-interacting systems even upto very large values of baryon chemical potential.
In with the hadron resonance gas model [26] .
IV. Summary
In this article we have calculated particle ratios K + /π + , K − /π − , Λ/π − for a strongly interacting hadronic matter using non-linear Walecka model in relativistic mean-field (RMF) approximation.
In the hadronic medium we incorporate baryons and bosons (pions + Kaons). To describe baryons and bosons we use a meson-exchange type of Lagrangian and evaluate thermodynamic observables of hadronic matter in RMF approximation. It is found that the interaction among hadrons which in the present model is mediated by the exchange of σ, σ * , ω, ρ and φ mesons can result in the modification of
− ratio, while as the particle ratio K − /π − is found to be independent of the interaction among hadrons. Lattice data [27] . The pressure P and energy density ǫ are given by
whereÑ g = 16(1 − Table IV . Pion-meson coupling constants [30] . 
